Hydrogen was implanted in samples of single crystal molybdenum, many of which had been previously damaged by "He at 18 or 150 keV. The hydrogen implantations were at low energies, usually at 10 keV. Depth profiles (up to 200 nm) of the trapped hydrogen were obtained using the nuclear reaction * H(19F, air)r60. A comparison of the trapping efficiency per dpa for both high and low helium concentrations, realized by the 18 and the 150 keV 4He implant, respectively, indicates that the presence of the implanted helium contributes to the trapping of hydrogen, possibly through the inhibition of damage annealing.
Introduction
The interactions of hydrogen with metals and alloys can result in the cracking, emb~ttlement, and failure of the host material [1, 2] . Impurities and defects can influence the normal motion of the hydrogen through metal lattices by providing traps for the hydrogen. Ion implantation provides a unique means to study these hydrogen-trap interactions since the levels of defects and impurities can be controlled by selection of the ion-energy combinations.
The analysis of hydrogen in materials has traditionally been a rather complicated undertaking. Hydrogen is an extremely common element so contami~ation is a major problem. In addition, more traditional elemental analysis techniques such as neutron activation analysis, Auger electron spectroscopy, X-ray analysis, ESCA, and others are not sensitive to hydrogen. In 1973, Leich *and Tombrello [3 J reported studying hydrogen in lunar materials with a 16.0-17.5 MeV fluorine-19 beam utilizing the rH("F, ~ry)"O reac tion. Since this reaction has a strong, narrow resonance at 16.44 MeV, they were * present address: Physics Department, Brookhaven National Laboratory, Upton, L.I., New York 11973, USA.
able to obtain a "profile" of the hydrogen in the sample, that is, the hydrogen concentration as a function of depth. Many experimenters since then have used this and other reactions to study hydrogen and deuterium in the near surface regions (usually the first few 100 nanometers) of samples [4-81. Some of the earlier experiments on hydrogen trapping in metals in the presence of radiation damage were performed by Erents and McCracken [9, 10] . They implanted deuterium in nickel and molyb--denurn and found that the rate of release of the deuterium was lower than when the deuterium was introduced by diffusion. This indicated that the defects produced by the deuterium implantation provided traps for the deuterium. Picraux et al, [ 11,121 and B&tiger et al. [6] then studied enhanced trapping of deuterium and hydrogen implanted in samples of single crystal molybdenum and niobium that had been previously damaged with 11 and 18 keV helium, 55 keV Ne+, and 5.5 keV Bi'. They reported total trapping efficiencies for the trapped deuterium and relative depth distributions for the trapped hydrogen. As the deuterium concentration was increased the amount trapped was found to reach a saturation, the level depending on the predamage ion species and its fluence. It has been used to analyze hydrogen trapped in single crystal molybdenum samples, many of which had been previously damaged by the implantation of 1 x10 I6 He/cm2 at 18 keV or 6 X 10" He/cm" at 150 Itekr~ The hydrogen was also introduced by ion implantation 10, 15, ar:d 20 I<eV to doses between 1 X 1016 cm2 and 6 X 30e6 H/cm'. A i53-kV Series 9400 Texas Nuclear Co&croft--Walton neutron generator which had been modified for ;ise in ion implantation experiments lvas employed for the acceleration of both the hydrogen and heiium. The accelerator was pumped ith a cold-trapped diffusion purnp~ The vacua for t ion pumped implantatior! target chamber ranged elween 8 X 1 O+ and 13 X B Cam5 Pa during the implantations.
The targets were 64 mm diameter discs of smgle crystal molybdenum with the (001) channeling direction IO i-1' from the surface normal. The implactations were within one degree of the surface normal. AH of the samples were sliced from the same rod of a e crystal molybdenum with a Norton wafering machine. They were mechanically polished to 1 pm and then electropolished.
The surface finish was checked with a scanning electron microscope.
The hydrogen concentrations were measured with centration as a function of depth. Therefore, a histogram technique originally discussed by Clark et al. [7] , has been used for unfolding the expe~mental data. This technique has been modified to account for changing surface contamination and for spread in the beam energy as the beam slows down in the sample [ 133. The histogram segments were chosen to be 30 nm wide centered around the data point. Usually no more than nine data points were analyzed together. Because of the large surface contamination, the data between the surface and 40 nm is not reported. Only the region up to 200 nm was characterized since beyond that the next H(F, oly)160 resonance begins to interact with the surface hydrogen. The maximum angular divergence of the fluorine beam in the region of interest was about 1".
&Q&e co~tumi~~tio~ layer buildup
One of the major problems associated with the data analysis in this experiment is the presence of a large hydrogen contamination layer on the surface of the sample. This contamination is caused by molecular hydrogen and hydrocarbons (such as pump oil) adhering to the surface of the sample [ 171. The amount of contamination depends on the type of sample, the pressure in the vacuum system, the current of the fluorine beam and the amount of beam that has struck the target. This problem is inherent to the analysis of hydrogen and not a problem only associated with the experiment being described [6, 7, 17] . The thickness of the hydrogen contamination layer was determined to be extremely thin, namely only a few atom layers at most. This was determined by measuring the effective resonance width on all of the samples,. both with and without measurable hydrogen in the first 200 nm. The observed width was on the order of the actual width of the resonance. The gamma-ray yield associated with the surface peak was roughly six times the gamma ray yield obtained when the concentration in the sample was five atom percent.
Since the contamination was large compared to the hydrogen within the samples, the off-resonance reactions with this contamination layer often interfered significantly with the gamma-ray yields of interest. This problem was enhanced by the fact that the contamination layer changed during analysis. The changing contamination layer was studied with multiple measurements of the gamma-ray yields associated with the first hjstogram segment, defined by a beam energy of 16.45 MeV. The contamination was found to increase rapidly at first and then level off to a saturation after roughly 6 X lOi particles/cm2 were collected. In order to account for this buildup, it was assumed that the first histogram segment changed as hr =hrotQw. C2)
In this equation, hr is the instantaneous concentration, hre the concentration at the beginning of analysis, w the buildup factor (a constant) and Q some beam dependent quantity, usually cumulative collected charge. Ignoring changes in the surface contamination layer resulted in errors as great as 25% for some of the points in the distribution f 131.
Beam spread correction
When a beam of monoenergetic ions passes through a thickness Ax of a sample, the ions will suffer an energy loss, which for this experiment, can be expressed as
This expression is valid when the stopping power does not change appreciably over the energies of interest, which was the case in this experiment. Since this energy loss is a statistical process, a spread in the energy will occur. This spread is usually assumed to follow a Gaussian distribution:
where E is any energy less than the incident energy Ei, EO is the mean energy equal to _E-AE, and a2 is the variance. (See 1181 and 1191 for expressions for (u2 .)
This spread in the beam energy wiI1 have an effect on the cross section for the nuclear reaction, so the effective cross section at every "point" in the sample * and for every incident energy is recalculated by numerically integrating:
This effective cross section is then used in the histogram unfolding technique. The beam spread correction is usually within 5% of the values when the correction is not used. Of course, the magnitude of the correction increases with depth.
The c~ib~ation of the hydrogen concentrations was made by comparison with samples of Lexan polycarbonate.
The uncertainty in the calibration is difficult to assess. In order to make this comparison, the stopping power for the fluorine ions incident on the I.,exan must be calculated from data from the Northcliffe and Schilling tables (201 with the " rule" for the additive property of stopping powers of compounds [ 2 11:
The uncertainty in the stopping power values of the N and S tables is unknown for fluorine incident on carbon, hydrogen and oxygen. In addition, two samples were implanted only with helium, one at 18 keV to I X !O"" He/cm' and ene dl 150 keVt0 8 X fCP6
Experimental results
11 of these sam?iDies A the hydrogen conc~n~ratjo~s were found to be below the sensitivity limits of the aechniq_ue. of the samples studied were damaged with ! 8 an keV helium prior to the hydrogen implantation. The reasons for selecting helium for the production of damage were threefold. Firsr, the irn~~~n-tation of helium in metals and afloys is of interest in fusion and fission technologies. Second, the "selftrapping" of helium, that is, the trapping of helium ia; the presence of the radiation damage that is produced during its own implantation, is virtua!ly 100%. 'This helium is tightly bound to the vacancies, high temperature a~~ie~~ to dislodge it wherefores relocation of the helium during the experiment could be neglected. Third, it was desired to be able to achieve both high and low ratios of damage levels to implantation species. f&%x the energy limit of the accelerator used for the impiantations was 1.50 keV, the ~c~~~evernen~ of the high ratio is not possible with heavier ions. Not only is distribution (B) deeper than the distribution arising from the hydrogen implantation in undamaged samples, it is also deeper than the calculated helium implantation shown in fig. 5 . The calculated helium implantation distribution drops to half of its maximum value at 85 nm, while the depth at which the analyzed hydrogen distribution from the damaged sample drops to half its peak value is 130 nm. B&tiger et al. [6] also made the observation that their hydrogen distributions were deeper than expected. Deviations between the calculated and measured distributions may be explained as (1) inaccuracies in the Brice Code calculation and/or the stopping power data used in the calculations; and (2) channeling effects. This experiment demonstrates not only the enhancement of hydrogen trapping by helium predamage, but also the fact that some of the hydrogen diffused beyond its implantation range only to be trapped at deeper lying trapping sites. This will become even more evident from the examination of the results obtained with samples predamaged with 150-keV helium ions.
B#tiger et al. [6] , measured the trapping effciency for deuterium in a damaged lattice. Using 1 X 1Or6 He/cm2 at an energy of 11 keV and 6 X 1016 D/cm2 at 8 keV, they measured a trapping efficiency of 67%. Since they were not bothered with a large deuterium contamination layer, they were able to measure the entire amount of deuterium trapped in the sample, however, without obtaining the deuterium distribution. In contrast, we could measure hydrogen only between 40 and 200 nm. Because of this difference in the analysis boundaries the 36% trapping measured in our experiment may be in reasonable agreement with the 67% measured by Bdttiger et al.
Profile (C) in fig. 6 was obtained by increasing the amount of implanted hydrogen from 6 X 1016 to 1 X 10" H/cm'. Increasing the hydrogen implantation dose 67% increased the amount trapped 48% without significantly changing the distribution. B&tiger et al. observed only a 28% increase in the trapped deuterium under similar circumstances. Again the difference may be due to the fact that this experiment only measured a portion of the distribution, while B&tiger et al. measured the entire amount of deuterium.
Hydrogen implantation in samples predamaged with 150 keV helium
A large fraction of the samples studied had been damaged with 150 keV helium to a dose of 8 X 1016 He/cm2 prior to the hydrogen implantation. Fig. 7 shows hydrogen profiles for three of these samples. The hydrogen implantation energy is again 10 keV for all three implants, but the hydrogen dose varies: Profile (A) represents an implantation dose of 1 X 1016 H/cm2, while the doses for (B) and (C) are 2 X 1016 and 6 X 1016 H/cm2, respectively.
An obvious and significant feature observable in fig. 7 is the saturation of traps. When the hydrogen implantation dose was increased from 1 X 1016 H/cm2 (profde (A)) to 2 X 1Ol6 H/cm2 (profile (B)), the amount of hydrogen trapped doubled without significantly changing the shape of the distributions nor the percentage trapped (table 1) . However, when the dose was increased from 2 X lOi to 6 X 1016 H/cm2, the percentage of total hydrogen trapped fell from 80 to 37%. More interesting though, the increase in hydrogen concentration was confined mainly to the region bounded by 140 and 200 nm, and the '"far" (100 to 200 ml) ie&Xl The implanted hydrogen comes to rest in the nez region cf rbe sample and then must migrate t9 tile i'a: regioi.. ThL:: decrease with depth of the hydrogen concenlratior-! -3; the near region notable in profile (G) is pr~bal.r;y d;~e to the "'self-trapping" meniioned previmsly.
'T] ;js assumption is supported by the profile siif~i II. fig. 8 which differs from pro9ie CC> in Fig '1 ICF; ~~ :z the hydrogen implantaeioil c311e:gy V&CL -$)a: increased to XI keV for the sample of r7g. e. Thi; saddle shape noticeable in profile (C> of fig. 7 :s x Eonger observed in the prcfike o!' fig. 8 while rib tctsl amount of hydrogen trapped betwee:: 40 znd 230 :?I::
did not change appreciabiy, wh~cji is ancthz-cr;~lr-mation of the saturation of traps with hydroge; ~zm-tioned earlier. The increase with depth of 'rzppad hydhogen in the far regloI ?* of t;qe sairiD;es -"$/it;? r"e highest hydrogen imphmtation ciose (profile (C) SF fig. 7 and fig. 8 ) shows an increase in :he trapping efficiency due to higher damage leveis and/o: higher helinK concentration.
Since the information in fig. 7 indicates liia!: iadia. should be saturated when the hydrogen implantation dose is 6 X 1016 H/cm2 ; and (3) the helium concentration is still relatively low. At this point, when saturation has been attained, the hydrogen concentration is 1.8 at%. Fig. 9 illustrates the saturation of the traps at 110 nm by plotting the trapped hydrogen concentration as a function of hydrogen implantation dose. The Brice Code calculations show the helium concentration at 110 nm is 0.28 at% and the induced damage is 0.72 dpa. This leads to ratios of 6.4 hydrogen atoms trapped per helium atom and 0.025 hydrogen atoms trapped per initially displaced lattice atom. These numbers are given as an illustration of the effectiveness of helium implantations in the creation of hydrogen traps. They must, however, be considered as tentative for the following reasons: Both the helium concentrations and the, number of displacements per atom are the result of calculations whose validity is in doubt in the portion of the distributions that were of interest for this experiment, even though the projected range of the implanted particles may be accurate.
3.6. Hydrogen implantation in samples annealed after predamage with 18 and 150 keV helium B$ttiger et al. [6] annealed several molybdenum samples after implantation with 1 X 10" Ne/cm2 at 55 keV prior to the introduction of deuterium at 8 keV to doses of 3 X 10r5, 3 X 1016, and 5 X 1016 D/cm2. The annealings were at 300°C for ten minutes, noting that stage III annealing begins around 250°C [32, 33] . Those authors found no net loss of traps after this anneal.
Two of our samples were also annealed at 3OO'C for ten minutes after implantation of 8 X 1016 at 150 keV alid 1 X 1016 He/cm2 at 18 at keV prior to the implantation of 6 X 1 016 H/cm'. Very few differences were noted between the distributions of the annealed and unannealed samples with the exception that there was a 25% gain in the amount of hydrogen trapped in the 18-keV helium implanted annealed sample. One possible source for the extra hydrogen is from the diffusion of surface hydrogen into the sample during the anneal.
Discussion

The study of nonpredamage samples
From studying the samples implanted with only hydrogen (figs. 2-4) it becomes obvious that the amount of damage which the hydrogen produces during its implantation results in a significant amount of trapping, which has been referred to as "self-trapping". The lo-keV hydrogen implant produces no significant trapping beyond the first 100 nm. However, the trapped hydrogen distributions resulting from the 15-and 20-keV implants extend over the entire region of analysis (40 to 200 nm). The fact that hydrogen implanted at 10 keV does not "selftrap" appreciably beyond 100 nm is important since it permits the conclusion that any hydrogen trapped in the 100 to 200 nm region of the sample, when the sample was predamaged, was the result of the predamage. Certainly from this point of view, hydrogen implantation energies less than 10 keV would have been preferred, but 10 keV was the lowest energy attainable for hydrogen implantations with the accelerator used.
The study of samples predamaged with 150 keV helium
The comparison of the trapped hydrogen (implanted at 10 keV to a dose of 6 X 1016 H/cm2) in samples that had not been predamaged ( fig. 2 ) to samples that had been predamaged with 8 X 1016 He/cm2 at 150 keV (curve (C) of fig. 7 ) shows an increase in the hydrogen trapping from 9.2 to 37% between 40 and 200 nm. Close examination of these distributions shows that the hydrogen concentration at any point within the first 90 nm of the sample increased by no more than a factor of 2.5 after the predamage. The amount of hydrogen trapped in the deeper portion of the sample increased from being negligible to being on the order of the amount trapped in the first 90 nm. Clearly some of the hydrogen that comes to rest in the first 100 nm is relatively free to migrate to other portions of the sample where it can be trapped. The fact that the hydrogen distribution of curve (C) of fig. 7 extends well beyond the region of the sample where the hydrogen comes to rest suggests that the traps may reach a saturation with hydrogen.
The study of samples predamaged with 68 FceV helium
En the sample that had been predamaged with 38 keV helium to a dose of 1 X IOr IIe/cm* and then implanted with 6 X 10 l6 H/cm* at an energy cf IO keV, the amount of hydrogen that is trapped between 40 and 100 nm (3.6 at% maximum) is 50 to 100% higher than the amount of hydrogen trapped in the samples damaged with I50 keV helium. This happens even though the damage levels at 25 nm, where the damage distribution from the 18 keV helium implant peaks, were calculated to be the same. Another interesting observation was that when the hydrogen dose was increased to B X 10" 7 H/cm*, for the 18-keQ helium predamage, the amount of trapped hydrogen increased 48% (peaking at 5.2 at%) without changing the shape of the distribution.
Clearly the saturation of traps with hydrogen that was observed with the 15OkeV helium predamage has not been observed yet with the predamage from the 18-keV helium implant even though the calculated number of induced displacements per atom was at or below the number produced by the 15O-keV helium implant. Obviously, the number of displacements per atom (dpa) is not a good measure of the permanent damage induced by the helium bombardment.
At least, as far as our observable (the concentration of hydrogen traps) is concerned, the permanent damage is a function of the number of helium atoms that come to rest within the range of observation.
Conclusions
The conclusions that can be drawn from the experimental results can be divided into three major groups:
(1) It was shown that damage of the samples with helium (when no hydrogen was implanted) does not create a significant level of hydrogen in the near surface region of the sample.
(2) A saturation of the traps with hydrogen was clearly in evidence when the samples were damaged by the implantation of 8 X 1016 He/cm' at 150 keV prior to the implantation of hydrogen at 10 keV to a dose of 6 X 1Qr6 H/cm*. However, saturation of traps with hydrogen apparently had not yet been attained when the samples were predamaged with ! :: 10; i' He/cd at 18 keV even though the level of tra.p$rt.g was on the order of a factor :-tf two higher 8,: l-ii,: 18-keV helium predamage. The damage leveis resu:i ing from these helium impiantations were ::aicuia!ed to be the same at the peak Li ii= +i"e 1 f2-!da"{ f: e,li_i~il-~ , , damage.
(3) The implanted helium contributes CC! :~e trapping of hydrogen possibly through the inhibition of dama.ge annealing. The fact that helium does no: detrap significantly until hi temperatures j2ii--26, meam that this inhibition ay be sign&ar~r i&e:1 beyond temperatures used in this experiment.
The trapping of hydrogen in meta!s !.n whicti rhe hydrogen is mobile shows promise for juse 11: I:-; study of damage processes in these metals. I;! ~~:~iiiC be particularly useful in the S?i,ldy of the hy&ogen produces a significant amount ,oi' damage which leads t0 some "'self-trapping". The d-trapping fw::i ?hz IO-keV hydrogen implantation used in this expe,r-iment extended to almost one-half of the entile :egicr: that can be explored with the flucrine".l9 pro'be. 
